Multilayered structures are proposed to extend the size range at which metal nanowires can transform spontaneously from one orientation to another due to the interfacial stress. The principle is demonstrated on gold-palladium ͑Au-Pd͒ multilayer nanowires by using the molecular dynamics ͑MD͒ method and two distinctly different mechanisms are identified for the reorientation which take place mainly via slipping and twinning at low temperature and by amorphization and recrystallization at high temperature. Our results show that the time response of devices fabricated with the nanostructures is consequently affected. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2827191͔
When at least one of the dimensions of materials is reduced to the nanometer scale, they will usually exhibit unique structural, mechanical, electrical, optical, and chemical properties. In particular, nanowires have attracted much attention because of their potential applications as nextgeneration structural materials in biosensors, nanoelectromechanical systems, and miniaturized optic-electronic devices. [1] [2] [3] [4] [5] [6] For top-down fabricated nanowires, extremely high surface energy and surface stress often result. It resembles an intrinsic compressive stress exerted along the axial direction of the wire, as shown in Fig. 1͑a͒ and the value is inversely proportional to the cross-sectional size. 7 When the structures shrink to several atomic layers, the compressive stress will increase to a magnitude on the order of gigapascals. 7 As a result, the nanowires must contract to lower its surface energy and, thus, structural reorientation may take place spontaneously. For instance, Diao et al. 8 have demonstrated with MD simulation that ͗001͘ oriented Au nanowires, with a cross section smaller than 1.83 ϫ 1.83 nm 2 , will transform into ͗011͘ oriented ones with ͕111͖ side surfaces. It has also been observed in other face centered cubic ͑fcc͒ nanowires and has been found to be temperature dependent. This has accelerated the discovery of shape memory [9] [10] [11] [12] and pseudoelastic behavior 9, 13 in certain fcc nanowires. Compared to traditional bulk shape memory alloys, metal shape memory nanowires provide improvements in three aspects including the ability to sustain a larger tensile stress on the order of gigapascals, larger reversible strain exceeding 40%, 11 and very short response time on the order of nanoseconds. 10 Consequently, they may satisfy the needs of nanoscale self-healing materials in future transducers, actuators, and sensors. This structural reorientation can only take place in nanowires with feature sizes smaller than a critical value of about several atomic layers. Therefore, the ability to extend the size range is crucial to practical applications. Multilayered structures having additional interfacial stress appear to be a good candidate for this purpose. By taking Au-Pd multilayered nanowires as an example, MD simulation is conducted to investigate the possibility and mechanism together with the temperature effects. Here, we select the embedded-atom method, 14, 15 ͑EAM͒ to describe the interactions between atoms. EAM has been employed not only to investigate the structures and properties of bulk crystals but also to predict abnormal microstructures 8, 16, 17 as well as thermodynamic 18, 19 and mechanical [20] [21] [22] properties of nanomaterials. The ͑001͒ oriented Au and Pd ultrathin films having thickness of 10 atomic layers each are stacked up alternately to build the epitaxial multilayer structures in the bulk Au lattice. They are then cut along the two in-plane directions, ͓100͔ and ͓010͔, to form ͓001͔ oriented nanowires with length and width of 50 and 10 lattice constants, respectively. Their cross-sectional areas are about four times the critical value required for spontaneous reorientation in singleelement nanowires. 8 All the dimensions of the system are periodic and a vacuum region is added to each transverse direction so that the atoms near one side surface of the nanowires do not interact with those near the opposite side surface. Static energy minimization is performed on the nanowires according to the conjugate gradient algorithm for 500 ps. The resulting atomic configuration is shown in Fig.  1͑b͒ . Then the time is reset to 0, and a dynamic process is simulated at 100, 200, 300, 400, 500, and 600 K. The atomic positions and velocities are updated at each time step ͑0.001 ps͒ using the Nose/Hoover temperature thermostat and Nose/Hoover pressure barostat. This creates a system trajectory consistent with the isothermal-isobaric ensemble. The resulting evolution of the intrinsic stress is shown in Fig. 2 . It should be emphasized that the compressive stresses are denoted as positive values and the tensile stresses as negative ones. The initial compressive stresses vary from 7.55 GPa at 100 K to 6.53 GPa at 600 K, which may be caused by the self-annealing effect at high temperature. We have also calculated the initial stresses of 2.98ϳ 3.07 GPa and 3.75ϳ 3.94 GPa in Au and Pd nanowires, respectively. The additional interfaces can increase the compressive stress greatly, and so the aforementioned spontaneous reorientation may take place in nanowires with larger sizes. The process is demonstrated in Fig. 1 for the typical cases at 200 and 600 K. These sequential snapshots ͓͑b͒-͑c͒-͑d͒-͑e͔͒ at 200 K are recorded at 0, 150, 300, and 2000 ps, respectively, whereas for the nanowires at 600 K ͓͑b͒-͑g͒-͑h͒-͑i͔͒ were recorded at 0, 210, 390, and 2000 ps, respectively.
At 200 K, firstly, the longitudinal lattice is reduced elastically, [8] [9] [10] [11] [12] [13] as indicated by the linearly reduced intrinsic stress at stage I in Fig. 2 . At 150 ps, the atomic layers between two red solid lines begin to slip along each other from one of their sharp interfacet edges, as indicated in Fig. 1͑c͒ . In fact, there are two kinds of slip systems in the nanowires, namely, ͕111͖ / ͗112͘ and ͕111͖ / ͗011͘, schematically depicted in Fig. 1͑a͒ . It is not difficult to obtain the Schmid factors cos͑͒ · cos͑͒ of 0.4714 and 0.4082 for these two slip systems, respectively. As a result, 1 6 ͑111͒ / ͓112͔ Shockley partial dislocations nucleate more easily than 1 2 ͑111͒ / ͓011͔ perfect dislocations and the atomic layers should slip along the longer diagonal line AB of the cross section ABCD. This is consistent with the results reported for single-element nanowires. 24 As time elapses, more and more atoms undergo mechanical slipping via boundary propagation, and the ͕111͖ surface regions emerge, as enclosed by the red solid lines in Fig. 1͑d͒ . These zones are twinned with the undeformed ones. The twinning boundaries restore the intrinsic stress to a certain degree and, subsequently, most of the nanowires transform gradually into ͓011͔ orientation with ͕111͖ side surfaces through dislocation propagation and annihilation and the compressive stress decreases again. The "up and down" stress in stage II corresponds to the "multiplication and annihilation" of partial dislocations. After the structural reorientation is completed, the atoms still have larger momentum and so the intrinsic stress oscillates to zero in stage III. The final nanowire and its cross section are shown in Figs. 1͑e͒ and 1͑f͒ . A few residual stacking faults still exist due to the lower temperature, although the atoms align on the cross section regularly.
In contrast, the atoms deviate from their equilibrium positions extensively at 600 K due to enhanced thermal fluctuation, and their individual behavior becomes dominant. In the early stage, the nanowires also shrink elastically along the axial direction. At 210 ps, a few regions indicated by red solid circles in Fig. 1͑g͒ become amorphous initially. More atoms are then involved until 390 ps ͓Fig. 1͑h͔͒ and the intrinsic stress reaches a maximum value. Subsequently, the amorphous region begins to crystallize and the compressive stress decreases again. The entire wire can also transform into the ͓011͔ orientation with ͕111͖ side surfaces, as shown in Fig. 1͑i͒ . There are hardly any residual stacking faults because of self-annealing effects at higher temperature. However, Au and Pd atoms diffuse across their boundaries and the cross section does not have a regular rhombic shape ͓Fig. 1͑j͔͒.
Our results reveal that the atomic configuration must go through an "order-disorder-order" process in the reorientation regardless of the temperature and two mechanisms can be identified. Unlike the collective slipping of atomic layers at lower temperature, individual diffusion of atoms dominates at high temperature. Figure 3 shows the mean square displacement along the axial direction. The initial parabolic part of each curve discloses the information during reorientation, and the slope coefficient at a given point denotes the average velocity of the atoms. Reorientation is unexpectedly slowed down at high temperature due to enhanced individual behavior of the atoms and, thus, it depresses the stress release rates from 0.097 84 GPa/ ps at 100 K to 0.025 91 GPa/ ps at 600 K, as shown in the inset of Fig. 2 .
In summary, we investigate the additional effects of interfacial stress in multilayer structures to extend the feature size range at which nanowires can reorient spontaneously. The Au-Pd combination is investigated by MD simulation. Our results show that the initial compressive stress is much higher than that in Au or Pd nanowires. Consequently, they can reorient spontaneously even with a larger cross section. Two mechanisms, slipping-twinning at low temperature and amorphization-recrystallization at high temperature, can be identified. This difference affects the time response of devices built with the nanostructures and the extended size range can be adjusted by changing the thickness of each layer.
